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Soil-Erosion and Runoff Prevention by Plant Covers: A Review

Victor Hugo Duran Zuazo and Carmen Rocio Rodriguez Pleguezuelo

Abstract Soil cnwion i #oontical environmenip)
problem throughout the world's terresirial ecosystems.
Erosion inflicis mul iple. serious damages in managed
ccosystems such as crops, pastures, or forests as well
as i naturyl ecosystems, In particular, erosion re-
duces the water-holding capucity because of rapid wa-
ter runoff. und reduces soil organic matter. As a result,
nutrients and valuable soil biota are transported. At the
same iime, species diversity of plants, animals, and mij-
crubes is signiticantly reduced, One of e most eflec-
tive measures for erosion control and regeneration the
degraded former soil is tlxe establishment of plant cov-
ers. Indeed. achieving future of safe environment de-
pends on conserving soil. water. energy. and biological
resources. Soil erosion can be controlled through a pro-
cess of assessment at regional scales tor the develop-
ment and restoration of the plant cover. and the intro-
duction of conservation measures in the areas at grear-
est risk. Thus. conservation of these vital resources
needs o receive high priority 1o ensure the effective
protection of managed and natural ecosystems. This
review article highlights three majors topies: (1) the
impact of erosion of soil productivity with particular
focus on climate and soil erosion; «oil seal and crust
:Ipwlnpmrnl; and C losses From SOl (2) land use and
soil crosion with particular focus on soil loss in agri-
Cultural lands: shrub and forest lunds: and the impact
of erosion in the Mediterruncan terraced lands: and (3)
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the impact of plant covers an soil emsion with partic-
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1 Introduction

Worldwide, agriculturul production occupies about
S0% of the temestrial environment, Soil degradation
i5 as old as ugriculture itsell, i impact on human
food production and the environment becoming more
serious than ever before because of its extent and
intensity, Soil crosion exacerhatoy the loss of soil nu-
trients and water. pollutes surfuce WHETWAYS. CONsli-
futes the prime cause of deforestation. contributes to
global change. and reduces agricultural and environ-
mental productivity. Each year. about 75 billion tons of
soil is eroded from the world"s terrestrial ecosystems.
most from agricultural land af rates ranging from 13 to
40Mgha 'year ' (Pimeniel and Kounang 1998). Ac-
cording to Lal (1990) and Wen and Pimentel (1998)
about 6.6 billion (ons of svil per year is lost in India
and 5.5 billion tons are lost annually in China. while in
the USA. soil loss is more than 4 billion tons per year.
Because soil is formed very slowly, this means that soil
is being lost 1340 times faster than the rate of renewal
and sustainability. Rainfall cncrgy is the prime cause
of erosion from tilled or bare land, Occurring when the
soil lacks protective vegelative cover
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According o Naylor ef al. (2002) the eflects of
vegetation on soil can be divided into two major
related categories: biaprotection and bioconstruction.
Plant cover protects soil 4EAINSL erosion by reducing
water runoff (Rey 2003; Puigdefibregas 2008, Durdn
ct al. 2006a; 2008) and by increasing water infiltration
into the soil matrix (Zicgler and Giwmbellucy 1998;
Wainwright et al. 2002),

Plants shelier and fix the soil with their roots
(Gyssels et al. 2005; de Buets et al. 20074.b) reduce
the energy of ruindrops with their canopy (Bocher
ctal. 1998: Durin ct al. 2008). Also, vegetation can
acl as a physical barrier, alicring sediment Now ai the
soil surface (Van Dijk et al, 1996: Lee et al, 2000
Martinez et al. 2006). The Wway the vegetation is spa-
tially distributed along the slopes js an important factor
tor decreasing the sediment runoft (Lavee ef al. 1998;
Calvo er al. 2003: Francia et al, 2006). This barrier
cflect can lead (o the formation ol structures called
phytogenic mounds. Such structures are found on the
upslope side of large strips of grass disposed per-
pendicular 1o the slope (Meyer et al, 1995: Van Dijk
el al. 1996 Abu-Zreig el al. 2004). Several mecha-
wisms are involved in mound formativn: the difTeren-
tial crosion rates in the closed environment of the plant
(Rostagnn and del Valle Puerto 1988). or the depo-
sition of sediment resulting from a decrease in over-
land water flow (Sanchez and Puigdefabrogas 1994,
Bochet et al, 20000 On the uther hand, Van Dijk
ctul. (1996) pointed out the mierest in the relutionships
between plang maorphology and the effects on soil ero-
sion. showing that plunt length and 4 tomplete cunopy
are key features for sediment trapping.

The importance of plant cover in controlling wuter
crosion is widely accepted. In the shor term, vegena-
tion influcnces crosion mainly by inlercepling rainfall
and protecting the soil surfuce against the impuct of
rainfall drops. and by intercepting runoft. In the long
term, vegetation influences the fluxes of water and sed-
iments hy increasing the soil-aggregate stahility and
cohesion as well ay by improving water infiltration
This complex relat ionship has usually been reported as
@ negative exponential curve between vegetation cover
and erosion rates for a wide range of environmenial
conditions. Conceming soil loss, this relationship can
he detined by the following equation:

SL, = ¢, )

where SL, = relative soil loss (or soi] loss under a spe-
cific vegetation cover compared 1o the soil loss on
4 hure surface), C = vegetation cover (%) und b=a
constant: which varies between 0.0235 and 0.0816
uccording 10 the type of vegetation und experimen-
tul conditions (Gyssels ct al. 2005). Regarding to the
runaf (R, ) for a wide runge of vegetation types:

R, =, )

where b values ranging from 0.0103 1o 0.0843 uccord-
ing 1o the experimental conditions (Fig. 1).

In some cases, however, a lincar decline in runoff
volume hus been described as vegetution cover in-
ereases (Hrnson and Owen 197(): Kainz 1989: Greene
et ul. 1994). Some varistions in the classical nega-
tive trend of the cover-erosion function have also been
reported by de Plocy ct al. (1976), Morgan (1996)
and Rogers and Schumm (1991) under different spe-
cific experimental conditions. showing greater soil-
loss rates as vegetation cover thickens, at least partially
for a piven range of covers.

The impact of herbaceous and woody crop produc-
tion on soil erosion is crucial. Perennial prasses pro-
vide year-round soil cover, limiting erosion sometimes
even with continved biomass harvest. Vigorous peren-
nial herbaceous stands reduce water runoff and sedi-
ment loss and tavour soil-development processes by
improving soil organic maticr, soil structure and soil

foo]

Vegelasion cover (%)

Fig. 1 Relationship hetween plant cover and relative runnff,
1. 2. Packer (4951): 3, 4. Marsion (1952): 5. Kranson and Owen
(1970); 6. Elwed mmd Stocking (1976 7, Lang (1979): 4. 9,
Kainz (1989%; 10, 11. Francis and Thomes (1990); 12, Lang
1199); 13, Circenc ot al, (1994)




Soil-Erosion and Runoff Prevention by Plant Covers: A Review

787

water and nutrient-holding capacily. Minimum tillage
management of row crops reduces erosion compared
with systems nvolving more frequent or more exten-
sive tillage. Woody cropy reduce water erasion hy im-
proving water infiltraion, reducing impacts by water
droplcts, intercepting ruin und snow and physically sta-
hilizing soil by their roots and leaf liter. Hurvesting of
woody plants may be followed by increased erosion.
Forestry clear cutting. especially on steep slopes, often
results in a large increase in water erosion.

In the semi-arid Mediterranean Tegion. most exper-
imental studics on the influence of the naive vege-
tation on erosion have quantiticd soil loss and runoff
under woodlands or shrublands comprising a mixture
of plant species | Francis and Thornes 1990; Romero
et al. 1999; Durdn e1 al 2006a). All of these studies
have concluded thar typical Mediterranean shrubland
vegetation is efficient ip reducing water erosion. even
under extreme torrential simulated rainfalls (Gonzilez
etal. 2004). In this context, Bochet e al. (2006) studied
the influence of plant morphology and rainfall inten-
Sity on soil loss and runoff at the plant scale for three
Tepresentative species: Rosmaringy officinalis, Anthyi-
1 oviisoides and Stipu tenacissima of semi-and
patchy shrubland vegetation in relation to bare soil in
eastern Spain. The results indicate that the individual
plants were valuable in interrill crosion control af the
microscale, and the different plant morphologics and
plant components explained the different erosive re-
sponses of these three species. Canopy cover played
was key i reducing runoff and woif loss, and the liver
cover bencath of plants was fundamental for crosion
control during intense rainfall. In assessing the great
potential of plant covers, it i therefore cssential to con-
sider ity impuct on soil protection.

2 Impact of Erosion on Soil Productivity

The loss of soil from land surfaces by erosion is
widespread globally and adverscly impacts the produc-
tivity of all natural, agricultural, forest, and rangeland
tcosystems, seriously decreasing water availability.
cneryy, and biodivensity throughout the world, Future
world populations wiil require ever-increasing food
supplies, considering that more than 99.7% of human
food comes from the tand (FAQ 1998). while Jess
than 0.3% comes from the oceans and other aquatic

ecosystems. Maintaining and augnenting the world
foud supply depends basically on the productivity and
quality of all sails. Soil erosion and runoff reduce the
soil productivity decrcasing rainfall waier infiliration,
und water-storuge cupacity. In this sense. the effect of
plant cover on soil represents a sustainable mcasure
for improving productivity, given their many cnvirpn-
mental benelits (Fig. 2). Since water iy the prime limit:
ing factor of productivity in all terrestrial CCOSyStens,
when sail-water availability for agriculture is reduced.
productivity is depressed. Particulurly. in semiarid ur-
cas vegetation suffers Jonger periods of water defici.
determining the vegetation structure gnd complexity.
and thus soil protection and water conservation. Dur-
ing precipitation, some water is intercepled by the
plant cavers, and a new spatial distribution of rainfall
takes place due to the throughfall and stem-flow pith-
ways (Bellot and Escarré 1998). In this context, the
type of plant cotmninunity buffers the kinetic energy of
rainfall before the water reaches (he soil (Brandi and
Thorues 1987; Durin et al. 2004a).

2.1 Climate and Soil Erosion

Recent studies suggest that climatic variability will in-
fredase as a consequence of global warming. resulting
in greater frequency und intensity of extreme weather
events, which will incvitably intensify crosion ( Nunes
and Scixas 2003: Nearing o1 al. 2005). This trend
could be especially threatening in Mediterruncan ar-
eas highly susceptible 1o soil erusion. where precip-
itaion s characterized by scarcity, tomrential storms
and extreme variability in space and time (Romero
et al. 1998). Flash storms are common throughout
the Mediterrmnean area. and they have very short re-
turn periods (de Luis 2000). Several researchers have
poinied out that this irregularity of precipitation is the
main cause for temporal irregularity of erosion rates
in Mediterranean landscapes (Zanchi 1988; Renschler
et al. 1999; Renschler and Harbor 2002). Also. no ex-
act relation has been found between extreme raintall
and extreme Huvial discharge (Osterkamp and Fried-
man 2000: Nuncs ¢t al. 2005). and largest rainfall
cvents do not necessarily produce the maximum soil
crosion (Gonzdler ¢t al. 2004 Romero ¢t al. 1999),
On the other hund, uccording to Marqués ct al. (2007).
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the erosive power of ga single light rainfall event of
208mmh~" with kinetic energy of 13.5Jm~2 mm=~"
is negligible when plots are covered with natural vege-
tation. Moreover. in addition to the Mediterranean rain-
tall being highly variable in space. soil and plant cover
is extremely diverse and, as a consequence, erosion
rates display grew sputial variation. In any case, quan-
tification of magnitdes of daily soil croded can be af-
fected by ficld methods. Al these factors explain (he
extreane disparity of erosion smounts reported at differ-
ent times and in different pluces and highlight the dif-
ficulty presenicd by cxtrapolating data obiained from
experimental plots (Roels 1985; Stroonijder 2008).
Although soil crosion varics from site to site, und
from year 1o year. the annual amount of soil croded
depends on a fow daily crosive cventy, Each year scat-
tered daily erosive events represent more than S0%. of
annual soil eroded. regardless of the totul amount,

2.2 Soil Seal and Crust Development

Surface crusts and seals can form from a variety of
processes, both physical and biolagical. and have the
potential to alter runotY and erosion. especially in re-
gions with low plant covers, Despite the obvious links

Improvenkat in biodiversity &
agronomic productivity

Tenestuind carbon saguCstaliog
to mitigate climatic change

[ SUSTAINABLE soIL
PRODECTIVITY

a

between seals and crusis. these features have rarely
been considered together. Many soils, especially those
in semiarid regions, develop compacted surface layers
that are denser and have lower porosities than the ma-
terials immediately below them (Valentin and Bresson
1992). These layers, known as “seals” when wet and
“erusts” when dry, are generally no more than o few
millimeters thick and form through the interuction of
several, often interrelated, provesses (Bradford et g,
1987; Singer und Shainberg 20043, Most commonly,
crusts and seals ure described as having a physico-
chemical origin in which soil aggregates are initially
broken down by raindrop impacts and/or slaking pro-
cesses. The dispersed particles arc subscquently de-
posited within and clog soil pore spaces, creating u
low -permeability layer ot the surfuce {Assouline 2004).
As the seals dry 10 form crusts, clays can also act to
hind particies together, reinforcing the pemsistence of
the crusied layer (Shainberg 1992). However, crusts
and seals can form in a variety of other ways, includ-
ing through the compaction of soils by raindrop im-
pacts, from the erosion of coarse surface layers by
runoff. through the deposition of fine particles brought
in by overdand flows, from clay swelling at the soil sur-
face (Valentin 1991), and trom biological organisms
(such as fungal hyphae) binding soil particles together
(Greene et al. 1940,
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Despite the large amay of possible Yormative pro-
cesses, physical (or nonbiol gical) crusts and seals are
commonly classificd as cither structural or depositional
features (West et al. 1992). Structural sealy and crusts
form in associution with rain falling directly on soils
and typically roguire ruindrop impuct to develop (Fox
ctal. 2004). Depositional scaly und crusts, however,
result from the futeral redistribution of sediment by
unoff, and do ne require soils 1o he directly exposed
to rainfall (Assouline 2004). Once formed., sealed soils
generally have lower hydraulic conductivities and in-
filtration raics and have higher shear strengths than un-
sealed soils although this very much depends on the
type of seal in place, These conditions combine to
increase mnoft angd influence local erosion processes
(Mclmyre 1958: Assouline 2XM).

Almost all of the existing research into seal and
crust formation has been undertaken on soils thar
have been extracted, physically and theoretically,
from their surrounding environments I Diekkruger and
Bork 1994: Fox and Bissonnais 1998: Mills ang
Fey 2004). Therefore. the loss of vegetation covers
from soil increases the developmen! of surface CTUSIS
and seals, and conseyuently increnses soil eiosion and
runoff,

2.3 Carbon Losses from Soils

Soil degradation iy one of the greatest environmental
problems in the world. In semiarid Mediterrancan ar-
cus the dry climate leads to u low level of plant cover
which, in wrn, leads lo very scarce organic matter in
put. and, consequently, to g poor soil-structure devel-
opment (Diaz et ul. 1994). Under these conditions the
role of plant covers in protecting soil against crosion
i erucial, since the removal of vegetation strongly in-
creases surfuce runoff and sediment yield and, as 4 re-
sult, soil quality deteriorates (Kaihurg et al. 1999),
Vegetation removal s normally followed by a pe-
riod in which the soil has sufficient organic matter
to maintain its physica I-chemical properties, enabling
il to recover from the damage, according to the con.
cept of soil resiliepce (Castillo et al. 1997; Durin
et al. 2006a). Soils rich in organic matier, such as those
of many rainy regions. are more resilient than soils
with low organic-mauter content. such as those which

e L e e T

predominate in arid and semiarid areas. In the latter
case. when the surface layer, which contains fresh plant
remains, is ended, the subsurface material iy exposed
und the capacity of this material 1o hold nutrients he-
comes crucial (Gregorich et al. 1998).

Although there is gencral agreement with regard to
the role of crosion in soil organic carbon losses, some
controversy persists with respect to the intensity of soil
organic curbon losses caused by mincrulization. Ac
cording 10 Martinez-Meny et al. (2002}, the mineral-
izalion process was found (o be much more influcniial
than erosion in the soil organic carbon losses reconded
during the 9 years following vegetation removal in g
Semiarid Mediterranean soil. In the first 6 years, rapid
mineralization was the main cause of the soil organic
carbon decreases measured; while in the next 3 years
the soil organic carbon Josses were due mainly 1o ero-
sion. Vegetation removal led 1o a progressive enrich-
ment of the sediments in organic carbon and nitrogen
with tinie. These results reflect the importance of pre-
scrving the plant cover in semiarid areas, where it is
crucial for maintaining the soil organic-carbon stock.
In this sense. Yaalon (1990) indicated tha mineral-
ization would lead (o 4 reduction in the soil orRunic-
Matter content within 50 years in the Mediterrancan
urea. On the contrary, Squires et al. (1998) pointed out
that the carbon stored in dryland soily is g very sub-
Stantial deposit, since it has been stabilized over a pe-
riod of hundreds to thousands of years. Scharpenseel
and Pfeiffer ct al. (1998) indicated that these urcas may
be very sensitive 1 climatic change due to inadeyuate
rescrves of water and soil nutrients, Therefore, the vul-
nerubility of Mediterrancan arid and semiarid lands to
human-induced changes in soil use means that the ef.
fects of climute change upon these environments will
be exacerbated.

Reduced precipitation or ncreased temperature ac-
celerates land degradation through the loss of plant
cover. biomass turnover, nutrient cycling and sojl
organic-carbon Storage. accompanied by higher green-
howise enmiissions {Ojima e al. 1995). An understanding
of the dynamics of soil organic carbon is required to
appreciate fully the ability of soils 1o stabilize carbon
and its implications for global change {Bgjracharya
etal. 1998).

It is well known that water erosion selectively re-
moves the fine organic panicles from the soil, leav-
ing behind large particles and stones, Fertile soils
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Irequently contain abou 100 tons of organic matrer per
heetare (or 4% of the wotal soil weight) (Youny 1990),
Because most of the urganic mater is close to the soil
surface in the form of decaying leaves and sems, cro-
sion of the 10psoil significan ly deercascs soil organic
maticr. Several studics have demonstrated that the soil
removed by cither wind or water crosion ix 1.3-5.0
times richer in organic matter thun the soil left behingd
(Barrows ond Kilmer 1963).

Soil organic matter faciliutes the formation of soil
uggregutes and increases soil porusity. Tn this way, it
improves soil structure, which in wm facilitaes water
infiliration and ullimately the overall productivity of
the soil (Chaney and Swift 1984: Langdule etul, 1992)
In addition. organic matrer aids cation exchange, en-
hances root growth, and stimulates the increase of jm-
portant soil biota. About 95% of the soil nitrogen and
25-50% of the phosphorus are contained in the organic
matter.

Once the organic matter layer is depleted. the pro-
ductivity of the ccosystem. as measured by crop-plant
vields, declines both because of the degraded soil
structure and the depletion of nutrients contained in
the urganic matter. Soils that sufler severe erosion may
produce 15-30% lower crop yields than us-eroded
soils (Schertz et al. 1989 Langdale et al, 1992),

The main losses of C from soil is in the form of CO-
from OM mincralisation although fircs causc dircct C
emissions 1o the atmosphere and changes species com-
position of the vegetution (Hurden et al. 2000), alter-
ing the dynamics of terrestrial C stores for subscequent
decades. The gascous C efflux Irom soils depends ini-
tilly on the rate of CO; (or CHy) production within
the soil-plant raot system. and subscquently on the rate
of gaseous diffusion and mass flow from soil waters (o
the utmosphere; a function of soil moisture and textural
properties (Skiba and Cresser 1991,

Increased C sequestration i soils, as 3 way (o
reduce atmospheric COs concentrations, was tirst
proposed in 1977 (Dixon et al. 1994). One appropriate
OPHon 1S 1o restore a proportion of the historically
lost trom soils that have previously been depleted in
C. such as agricultural and degraded soils (Smith ¢! al.
2001a.b). e.g. fevegetation of abandoned arable land
may increase soil C by 0.3-0.6 x 10'kgCha vear '

In order w0 maximize ¢ Sequestration, knowledge of
tactors such as erosion and th: tanslocation of sojl
across the landscape also need 10 be cousidered (Van
Oost et al. 2005) particularly regarding agricultural

land, where lillage and erosion are strongly related.
AL present, niost grusslands ure belicved o be C sinks,
with an estimated 0.03-1.1 x 107 kg Cha™! yeur~! gy
scquestration is strongly influenced by the productivity
und munygement of the cconystems (Soussana et al,
2004) although grasstund-derived s0ils do tend to have
higher base saturation, cnhuncing aggregation and in-
creased capability 1o sequester C (Colling et ul. 2000,

The sheet erosion is flow over vegetated surfaces
while chunnel erosion is limited o where soils lack
plant cover. This overland Mlow occurs. removing
topsoil and hence substantial OM translocation. when
runofl is greaier than the soil-infilration capacity.
Carbon and nutrients from witer-eroded  soil s
relocated downslope (rom one area 1o another or
transported o surface waters (Stallard 199R: Smith
et al. 2001b; Liu et a). 2003; Rodriguez et al. 2007a).
The amount of C mobilized by erosion processes has
been estimated at 0.20-0.76 x |o" gCyear™', or
which 0.08-0.29 x 10'2gCyear ' was re-deposited
and 0.12-0.46 x 10" gCyear ' was transported
to surface waters (Quinion et al. 2006). Rodriguez
etal. (2007a), in south-eastem Spain reported the SOC
losses about 12.2¢ Cm 2 from the tluses ol orclard
ferraces without plant covers.

3 Land Use and Soil Erosion

The main problems for soils in the European Union are
irreversible losses due 10 increasing soil sealing and
soil erosion. and continving deterioration due to lo-
cal and diffuse contamination. It is envisaged that Eu-
rope’s soil resource will continue to deteriorate. as a
result of changes in climate. land use and other human
aclivities,

Soil crosion, in particular, is regarded as one of
the major and most widespread forms of [und degra-
dation, und, as such, poscs severe limitations 1o sus-
twinable agricultural land use. Erosion reduces on-farm
soil productivity and contributes to water-guality prob-
lems from the accumulution of sediments and agro-
chemicals in watcrways,

Prolonged erosion causes irreversible soil koss over
time, reducing the ecological functions of sojl; muainly
hionuss production, crop yields due to removal of nu-
tricnts for plant growth, and reduction in soil-filicring
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Table 1 Exiend of humin-induced soil degradution by ervsion iy Eurupe (million hectares)y®
Erosion type Light  Moderte High  Extreme  Total

Accession countries Water erosion 4.5 292 147 00 8.4
Wind erasion 0.0 n.o 0o 00 0.0
AC 101l 45 292 147 00 48.4
FVTA countrics Watcer crotion 08 1.5 00 00 2.2
Wind crosion 0.6 1.3 00 00 1.9
EF wotat 1.3 29 0n oo 4.2
Rest ol Ewope Wiiler erusion 0.8 9.3 65 1D 27.7
Wind erosion 0.0 S8 0o 07 6.5
FR ol 08 25 b5 1.7 42
Evropeun Union Water eroston 12,8 R 14 w0 26,2
Wind etosion Lo 0.l 00 00 L
EU total 138 12.0 4 00 272
turope (exel. the Russian tederation)  water crosion IRy 62.0 22.6 11 4.6
Wind crosion 16 7.2 no a7 94
AC ial 0.5 69.2 26 1.8 HER L

Gobin ot al. (3003
®17.4% of total land arca
Aate: Any mismutch hetween totals and dixaggregutcd figures is duc 1 the runding process

Sonree: EEA (Oklem.n el 199): Yin Lynden 1995 Qg Glauxl, UNFP and ISRI(‘~INF_PIGRID)

capacity due 1o disturbance of the hydrological cycle Altention js focused mainly on rill- and imerrill €ro-
(from precipitation to runot?), sion because this lype ol erosion affects the largest
Soil losses are high in southern Europe. but soil ero- area. Other formns of erosion are also imponant - for
sion due io water is becoming an increasing problem in example. gully erosion. landslides and. to a lesser
other parts of Europe. Tuble | shows somc of the find-  extent, wind crosion.
ings regarding (o the arca affected by ol degradation The rate of soil degradation js depends upon the rate
in Europe (Gobin e al, 2003). ol land-cover degradation. which in turn is influenced
The Mediterrancan region is considercd to be pur- by both adverse climatic conditions and land-use man-
ticularly prone to erosion, This is because it is subject  agement changes. Plunt cover, type of land use, and
W long dry periods followed by heuvy bunts of inten intemsity of land use are clearly key factars control-
sive rainfull, fulling on steep slopes with fragile soilx ling the intensity and the frequency of overland flow
and tow plant cover, According to the EFA (2001 hsoil und surface erosion, Vegetation cover may be aliered
crosion in north-western Europe is considered 1o he radically by human activity within a shornt time, hut
slight because ruin i falling mainly on gentle slopes.  physical and biologicul changes within the soil, affect-
is evenly distributed throughout the year and cvents are ing crosion rates. muy take longer periods. The type
less intensive. C onsequently, the area affected by ero-  of lund use und land-use intensity is uffected by vari-
sion in northern Europe is much more restricted in its  ous cnvironmental and socio-economic factors: there-
extent than in southern Europe. fore indicators tor soi] erosion-risk assessment should
In parts of the Mediterranean region. erosion has  be related to these factors,
reached a stage of irreversibility and in some places
crosion has practically ceased because there is no more
soil left. In the most extreme cases, soil erosion leads . .
10 desertification. With 4 very slow rate of voil for- 3.1 Soil Loss in Agricultural Lands
mation, any soil loss of more than 1 Mgha™' year-'
can be considered as irreversible within a time span of Approximately 50% of the carth’s land surface is de-
50-100 years. voted to agriculture: of this, about one-third is planted
Losses of 20-40 Mgha=' iy individual storms. with ¢crops und two-thirds dedicated 10 grazing lands
which may happen once every two or three years, are (WRI 1997; USDA 2001). Cropland is more suscep-
measured regularly in Lurope with lasses of more than tible to erosion because of Irequent cultivation of the
100 Mg ha™" in extreme events (Morgan 1992). sails and the vegetation is often removed before crops,
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are planted. In addition, cropland is often teft without
vegetation between plantings, intemsifying crmion on
agriculural lund, which is greater than erosion in nat-
ural forest arcas,

According 10 Pimentel e al. (1995), world-
wide  crosion  on agricaltural  Jandy averages
about 30 Mgha~!year~! yng ranges from 0.5 1o
400Mgha~! year~t, Ax g result of soif erosion, during
the lust 40 years ubout 0% of the world's arable
land has become unproductive and. much of that has
been ahandoned for agricultural use (Kendall and
Pimentel 1994). Kach yeur an estimated 10 million
ha of croplund worddwide are abandoned due o
lack of productivity caused by soil erosion (Fucth
and Crosson 1994). On the other hand. extensive
Mediterranean areas cultivated with rainfed crops are
mainly restricted to hilly lands with shallow soils.
VETY sensitive 10 erosion. In this context, Extensive
areas cultivated with rainted crops (i.e. vines, al-
monds and olives) are mainly confined 1o hilly lands
with shallow soils which arc very prone (o erosion
under traditional soil-management systems (Francia
ctal. 2006: Maninez el al. 2006: Durin et al. 2008) b
erosion can be significantly reduced by the use of plamt
SIFips running across the hillslope (Table 2) especially
with aromatic and medicingl plants (Fig. 3), Garcia
ctal. {1995) pointed out that the cereal cultivation in
stecp slopes encourages soil crosion, cspecially under
non-conservative systems, and the change of cereals
into meadows represents an improvemient of the hy-
drological functioning, which reaches ity most positive
values with colonization by u densc shrub cover. Other.
wise, these areas become vulnerable to koil crosion be
cause of the decreased protection hy vegetation cover
in reducing effective rainfull intensity ut the ground

surface. Almonds and vines require frequent removal
of perennial vegetation using herbicides or by tilluge.
In fact, soils under these crops remain almost bare
during the whole year. creating favourable conditions
for overiand Now and soil crosion, Erosion data mca-
surcd along the northern Meditcrrancan region and the
Atluntic coustline locuted in Portugal, Spain. France.
ltuly and Greece in a variety of landscupes and under
4 number of land uses representative of the Mediter
ranean region (ruinfed cereals. vines, olives. Lucahp-
tus groves. shrubland) showed that the greatest rates of
runoff and sediment loss were meusured in hilly arcas
under vines, i.c. in south-castern France 34 Mg ha~!
(Wainwright 1996), in Spain 282 Mg ha™! (Martinez-
Casasnovas et al. 2005). Areas cultivated with wheat
are sensitive to erosion, especially during winter, gen-
eraling intermediate amounts of runofl and sediment
loss especially under rainfalls higher than 330 mm
per year. Olives grown under semi-natural conditions.
particularly where there is an understorey of annual
plants greatly restrict soil loss to negligible values.
Erosion in shrublands increased with decreasing
annual rainfall to values in the range of 280-300 mm,
and then decreased as cainfall decreased funher.

Rainfall amount and distribution are the major
determinants of cereal biomass production (Kosmas
ctal, 1993). These areas become vulnerable o cro-
sion because of the decreased protection by vegeta-
tion cover in reducing cffective rainfall intensity at the
ground surfuce (Faulkner 1990), the reduction of inlif-
tration rute duc to compuction from furm machincry,
and the formation of a soil surface crust (Morin and
Benyamini 1977),

Land-use changes uffecting many mountains in
the world have serious consequences on runoffl and

Table 2 Averuge soil-erosion Otive archards Almond orchards
and ranofT prevention by
plant strips in semitarid slopes Soil-managemeni Erasion Runoff Erosion Runol?
with olive and almond system (Mgha=! vear™") (mm yeur™') (Mgha~! yewr™')  (min vear™")
orchirds under 30% and 35% NT 25.6 9.0 .. na.
slope. respectively CT 5.0 10.9 10.5 58.1

BS 210 9.8 1.66 218

NVS 7.1 R.&6 na. na

1S na na, 518 478

TS . .. .50 26.1

SS nat. n.. 2.10 RIS

RS n.i. n.i. 0.60 230

Abbreviasions: NT non-
with baricy wrips. NV§

tillage without plane strips, (7 conventional ti liage. A3 non-tiliage
non-tillage with native vegetation strips. LS lontil strips. 78 thyme

strips, S8 salvia strips. A mscmary strips. z1.a. not availahle
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Fig.3 Thyme Stfips used for erosion control in scmiarid slopes
under Wdmond orchards und plots uxed for study the harvest in-
tensity o hiomass from cultivated supe (Sahvia lavemedidifnlio

sediment yield and are probably the most important
factor in controlling soil conservation and sustainabil-
ity. For inslance, the traditional system of cereal culi-
vation {i.e. shifting agriculture) was VEry extensive in
past centuries on steep sunny hillslopes, Nowadays the
hillslopes cultivated in the past by means of shifting
agriculture are characterized hy an open submediterre-
aneun shrub on a very thin and stony soil, testimony of
intense soil loss. The consoquences of fertilizing the
cercal ficlds can be observed several years later not
only hy the solute outputs by runoft, hut ylso by the
quick plant colonization after farmlund abandonment.

3.2 Shrub and Forest Lands

The Mediterruncan basin has seen the development
of some of the wordd's oldest civilizations, spreading
agriculture and livestock while using trees for build-
ing and fue] being these areus has long been exploited
and as a result the yee cover is drastically reduced
in Mediterranean countries (Lc Houerou 1981: Thir-
2ood 1981; Blondel and Aronson 1999). About the 9-
10% of the Mediterranean area is currently forested.
and in the Iberian Peninsula only 0.2% can be consid-
ered natwral or seminatural forests (Marchand 1990).
Simultaneously. the surface area covered by shrub-
lands has increased, representing stages of degradation
of mature forests as well as slages of vegetation re-
covery in abandoned agricultural lands (di Castri 198]:
Grove and Rackham 2001). In both cases. local and re-
gional characicristics. such as resouree availability or
the lack of tree propagules, actus barrices to succession

A b i e . e s —

V). oregano (Origanum basietanum 1.). <antoling (Santoling
msmerinifalic L.). and lavender (Lavandulu lanata L.

(Pickett ct al. 2001) and result in sell’-pcrpeluating SYys-
tems that hardly return 1o the structure and complex-
ity of the original mature community (Blondel and
Aronson 1999),

Several hilly arcas under natural forests around the
Mediterrancan region have been reforested with exotic
species such us Eucalvpris. Such soils are undergoing
intense erosion ay compared with soils left under naty.-
ral vegetation. However, the measured rates of erosion
under Eucalvptus are relutivel ¥y lower than thase meas-
sured under vines. almonds and cercals.

Soilcrosion data measured from various types
of vegettion and certain physiographic conditions
showed that the best protection from erosion wis mea-
sured in arcas with a dominant vegetation of cver-
green auks, pines and olive trees under semi-nitural
condition.

Pines have a lower ability to protect the soils in
southern aspects due to the higher rate of liver de-
composition and the restricled growth of understorey
vegetation. Deciduous oak trees offer relatively low
protection from crosion in cases where the ftalling
leaves do not cover the whole soil surface.

The main faciors affecting the evolution of the
Mediterrancan vegetation. in the long term., are related
to the irregular and ofien inadequate water supply. the
long period of the dry season. and in some cases tire
and overgrazing, According 10 the types of leaf gen-
eration, the following two major groups of vegetation
can be distinguished: (u) deciduous: drought avoiding
with a large photosynthetic cupacity but no resistance
0 desiccation: and (h) cvergreen (scleropinyllous):
drought enduring with low rutes, of photosynthesis.
The main response of the plants 1o increased aridity is
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the reduction in leaf-area index. Severe droughts that
Causc a reduction in leaf-arca index may be bencficial
in the short term as Plant transpiration is reduced, bu
such drought will increase the probability of enhanced
soil erosion when rain eventually falls, as protective
vegetation cover is reduced.

The various ceasystems present in the Mediter-
fancan region have a preat capucity of udaptation und
resitance to aridity. as have most of the species, to
survive under Mediterraneun climatic conditions. For
many months, plants may have 10 endure soil-moisture
contents below the theoretical wilting point. Most
prabably the expected chunges in the vegetation perfor-
mance, resulting from a gradual precipitution decrease,
would only be noticed after a critical minimum number
of years,

In stable forest ecosystems, where soil is protected
by vegetation. erosion rates are relatively low. ranging
from only 0.004-0.05Mgha~" year~' (Roose 1988).
Tree leaves and branches intercept and diminish rain
and wind energy. while the leaves and branches cover
the soil under the trees 10 protect the soil further.
However. this changes dramatically when forests are
cleared lor crop production or pasiure,

Vacca et al. (2000) has estimated runoff coef-
ficienls ol 0.65-1,59%, and crosion rates between
0.03 and 0.05 Mgha=! in plots of 20m? covered by
herbaccous plants and shrubs. while in Eucalyprus
Sp. plots (15years old and 354 vegetation cover)
the estimuted rites were 2.01% und 0.19 Mg hu=!,
respectively. Romero o ), (1988) caleuluted unnuul
soil losses of 0.08-2.55 Mgha=tycar=! in a catch.
ment with 35% of vegetation cover. In & microcatch
ment with 60% of vegetation cover, Albadalcjo und
Stocking (1989) determined rutes hetween 0.5 and
L.2Mgha™" yeur™!, und Léper et al. (199 1) reported
annual losses of 0,1 Mg ha~! year™! in plots with 0%
shrub cover. Areas with reduced plant cover (lower
than 50%) caused by human interference or aflected
by wildtires can increase soil loss in the first years af-
ter disturbance (Soto and [diay 1997). According 1o
Durdn et al. (2((4a). on a hillslope with 35.5% of
slope under Rosmarinus officinglis cover runoff ranged
from 7.9 to 1.3mmyear ' and erosion trom 0.16 1o
0002Mgha 'year '. while under native vegetation.
runofl ranged 4.4-0.9 mmyear-' and erosion from
0.32 10 0.002Mgha~' year'. Chirino er al. (2006)
measured the erosion rates with different plant cover
types: dry grassland formations with dwarf scrubs

(Brawhypodium renosum, Anthyllis cyvtisoides L., He-
lianthemun syriucum, and Thymus vulgaris L.) with
0.049 Mg ha~' year™": under landscape patches com-
posed of scatered thom and sclerophyllous shrub-
lands (Quercus coccifera 1., listacia lenriscus L., fr-
ica multifiora L., Rhammus Ivcindes L. and Rosmar-
fnus officinalis 1..) 0.042 Mg hy~! year™': ufforested
dry grasslands 0.035 Mgha=! year—!, and linally af-
forested thorn shrublands of 0.019 Mgha™! year~!. By
conirast. the rate of bare soil had a runolf cocflicicnt
and soil loss of 4.42% and 1,90 Mg ha™! year™!, re-
spectively (Chirino et al. 2006). In this context, for
hilly arcas with 134 of slope in SE Spain and bare
soil the runoff ranged from 154 to 210 mm and erosion
from 4.5 10 7.8 Mgha™' year™*. differing significantly
from those protecied with plant covers of aromaric and
medicinal plants (Fig. 4) (Durdn et al. 2006a).

The inappropriate wild harvest of aromatic plants
by uprooting in mountainous areas endangers the soil
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Fig. 4 Mcun soil enwion and ranoft for cach plant cover and
hare sail. Columns with different lotters are statistically differ-
ent allevel 0.0 (LSD). TS, Thymuis serpyfloides; SR, Sontoling
rosmannifolia: SL. Sahia lavandulifolia: GU. Genista wmibel-
late: T8, fvey baetivas: LS, Lanondula stoechas. Vertiew!
hears represent Standard deviation (n = 24)
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conservation, and there is an urgent aeed to implement
appropriate land manugement. Over four-year pe-
riod. sl erosion and runoff were monitored in crosion
plots in Lanjurén (Granada. SE Spain) on the south-
cm Nank of the Sicmra Nevada Mouniains, comparing
four harvest intensitics of four aromatic shrubs (La-
vandula lanara 1.., Santoling rosmarinifolia 1.. Orig-
anmum hastetanam, und Salvia lavandulifolia V); 0%
(HI D), 25% (HI 25), 505 (H1 50), and 75% (HI1 75),
The average soil loss for HI-0, HI-25. HI-50. and HI-75
during the study period was 144.6, 187.2, 256.0. und
356.0 kg ha™'. respectively. and runoff 2.6, 3.2, 3.4,
and 4.7 mm, respectively (Fig. 5). Since no significant
differences were found between HI-25 and HI-50 for
soil erosion and munolt, and harvest and distillation of
wild aromatic plants currentl ¥ Persisis as an important
€COoNOMIc activity in mountainous areas of the study
zone. this study demonstrated that the cultivation of
aromatic shrubby plants (even when removing S0% of
the above ground biomass) protected the soil from rain
erosivity and produced reasonable essential-oil vields
Consequently. the rational harvest of cultivated aro-
matic and medicinal herbs in semiarid slopes not only
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{uvandulifolia: SR. Samoling rosmaritifolia; L, Lavawidul
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protect the soil against erosion and improved soil qual-
ity but also made susainable agriculture possible in
mountain areas,

3.3 Impact of Erosion
in the Mediterranean Terraced Lands

The need for terracing as a soil-conservation technique
on sloping lund has been emphasized. Tn much of the
steeply sloping lands of Mediterruncan hasin. terrac-
ing was introduced in a bid 10 control soil erosion
(Durin et al. 2005; Abu Hammad et al, 2006). Most
of the terraces commonly develop u systematic varia-
tion in crop production showing a low yield on the up-
per part. which progressively increases down the lower
sections of terrace. This uneven terrace productivity,
which is vhserved for all crops, is hypothesised to be
mainly a result of hocing down the slope perpendicu-
lar to the contour, which is crgonomical but gradually
causes scouring of the topsoil on the upper pants of the
terrace which is then deposited in the lower parts.

An imporiant land use change recorded in the
Mediterranean basin comprises the abandonment of
agricultural lands due to economic and social changes.
which is followed by significant impacis on soil ero-
sion. Observed land abandonment may have positive
or negative impacis on soil protection from erosion be-
cause fundamental ecosysiem processes are influenced
by changes in agriculiural practices and soil-resource
management. Olive and almond orchards comprise
typical examples of traditional, exiensive cultivation,
which is abandoned. The olive groves are spread on
marginal arcas and located mainly on sloping terraced
lands with low-productivity soils.

In these areas with high erosion risk. land ahandon-
ment is followed by natoral vegetation regeneration.
resulting in decreased soil crosion (Grove and Rack-
ham 2001). Aceording 10 theory as shrub vegetation
is filling in, proteciion of soil resources is increasing
while soil erosion is decreasing (Elwell and Stock-
ing 1976: Morgan 1996). Also, aftcr abandonment, soil
propertics such as organic-matter content, soil struc-
ture. and infiltration ratc improve. resulting to more of -
fective soil protection to crosion (Trimble 1990; Kos
mas et al. 2(00). However. simultaneous stopping of
traditional land management practices results in soil




796

VH.D. Zuazo and C.R.R. Pleguezuelo

crosion increase (Morgan and Rickson 1990). Specif-
ically, on sloping lands. un important ubundomnent of
conservation practices, which are applied on traditional
drystone terraces, is recorded, According to Koulouri
and Giourga (2006} the abandonment of truditional ex-
tensive cultivation in the Mcditerruncan basin has dif-
ferent impacts on soil crosion which closely related to
stope gradient. That is. when the slope is steep (254:).
$0i) erosion increascs significantly because the dense
protective cover of annual plants decrease and shrubs®
vegetation cover increases, and if the stope gradient is
very steep (40% ), soil erosion remains at the sume high
levels after cultivation abandonment. And the drystone
terraces play an important role by supporting soil ma-
terial and collapse from runoft water.

On the other hand, the sudy was carried out
in Almudiécar (SE Spain) addressing the impact of
erosion in the taluses of orchard terraces. The farmers
in this zone construct bench tesraces primarily to
use the steeply sloping lands for agriculture. and 1o
reduce soil erosion (Fig. 6). Today. on these steep
terraces. intensive irrigated agriculiure has estah-

lished subtropical crops, including avocado (Persea
americana Mill.), mango (Mangifera indica L.). loguat
(Eriobotrya japonica 1..). custard apple (Amnona che-
rimnla Miil.). liwchi (Litchi chinensis Sonn.) and oth-
ers (Durdn et al. 2003, 2006b). However, severe soil
crosion occurs frequently on the bare luses of bench
terraces. especially those with sunny southermn oricnta-
tions (Durin ¢t al. 2005). The detached soil from the
tulus accumulates on the platform of the terruce helow,
hindering manual fruit harvesting and orchard mainte-
nance. The use of native (mostly weeds) and aromatic
and medicinal plants (AMP) to control soil and nutrient
losses were also investigated using crosion plots 16 m?
(4m x4 m)in area, and located in the taluses of orchard
terraces (Durdn et al. 2004b). The severity of soil ero-
sion is thonght to vary according 1o the structure of the
bench terrace and the ground cover conditions. Rills
are the primnary form of erosion on the taluses of or-
chard terraces with extremne and heavy storms. some of
which develop into gullies that can run trom the upper
terrace down o the lower terrace (Fig. 7). Neverthe-
less. rills and gullies are rarely found on plant-covered

Fig- 7 Rills und gullies in the whises of vrehard lerruces
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Fig- 8 Gullicx in the ahues of vrehard terraces and plols used for momtoninyg the srusion control by plant covers

taluses. The plant covers of thyme and sage in relation
to bare soil reduced erosion by 63%. and 30%. and
decreased runof! and by S4% and 40%, respectively
(Duran et al. 2002) (Fig. 8). Also. the loss of nutrients
(NPK) from taluses of orchard terraces was controlled
by plunt covers (Durin et g, 2004b). Terrace pollu-
tion and ervsion (cven destruction) were prevented by
planting the taluses with covers of plants having an-
matic, medicinal. and mellipherous properties. Thiy in-
creased the feasibility of muking agricultural use of
soils on steep slopes. Morcover, an ceological balunce
was al Jeast patially restored, reducing pollution that
is injurious 10 the environment as well as to humans,

4 Impact of Plant Covers on Soil Erosion

Runoff is a fundamental process in fand degradation,
causing soil ¢crosion and influencing the soil water bal-
ance and hydrology of the catchments, Many authors
have discussed the runoft behaviour of different 1and-
use types und the effects of lund-use chunge on runoff
production (Kosmas ct al. 1997: Narain et al. 1998
Cummeraat and Imeson 1999: Bellot et ul. 2001;
MeDonald et al, 2002; Pardini et al. 2003). In the con-
text of afforestation/reforestation or vegelution restor-
tion. it is commonly concluded that runoff rules and
peak Hows are reduced (Mapa 1995; Zhou et al. 2002
Zhang e1 al. 2004, Marqués et al. 2005). bur also base
Bows may decrease as a result of increased evapo-
transpiration (Bruijnzeel 2004), Pilgrim er al. (1988)
stress the impontance of an increased knowledge con-
ceming the impact of vegetation, land management
and grazing practices on runoil production 1o support
decision making in land-use planning in arid and semi-

arid regions. A significant number of studies have been
conducted on mnoff processes in relation 10 vegeta-
tion and other variables in semi-arid regions. but the
majority of them focus on the Mediterrancan envi-
ronment (Sala and Calvo 1990; Somiso et al. 1Ws;
Nicoluu ct al. 1996 Casullo et 4. 1997; Puigdefibre-
gas ct ul. 1999; Lasanta ct al. 2000: Archer ct al. 2002;
Calvo et al. 2003). More studies refer to runoff charac-
teristics in arable land than 10 natural vegetation and
rangeland areas (Mapa 1995; Descroix et gl 2001
Archer et al. 2002). Studics on munoff processes in
vangelands have been conducted maimly in Noith
America (Wilcox and Wood 1988, 1989). Guticrres
and Hemandez (1996) further indicate the greut uncer-
tainty regarding the smount of vegctation cover necded
1o counteract runoff in semi-arid rangelands.

From these studics it is clear that for a suceessful
soil and water conservation strategy is urgent in or-
der 10 combat runoff by vegetation restoration. The
resulting higher infiltrution benetits plant growth and
biomass production and can also Jead to groundwa-
ter recharge. thus replenishing deeper-lying water re-
sources. Another important advantage of the decreased
in runofl is that lower-lying croplands become less
subject 10 damaging floods from the fornmerly degraded
steep hillslopes.

Many authors have demonstrated that in a wide
range of environments both runott and sediment loss
will decrease exponentially as the percentage of veg-
ctation cover increases (Table 3), Semi-arid land-
Scapes by definition arc waler-limited and (here-
fore are potentially sensitive to environmental change
(Schlesinger et al. 1990) and its cffect on biomass
production. However, hilly ureas in the Mediterranean
with sclerophyllous vegetation are not necessarily of
low biomuss production, especiully those with annual
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Table 3 Relutionship between vegetation cover ind soil loss by

sheet and rill erosion

F:quation emsion

Vegetation type relative (fir)

Original equation

Refereace

Rangelands: prins, brm AL

bushes and trees R =0.89
Er = e="0IeC E = 092580t
Cracues Er = (0.0996 +
09004~ v R =056
Rangehnxls: yrasses Fr= N0

E(emyenr™ ) = 0.0068e " 2%

Fia= d33.43 + 3920 4400 037C

Flprm™ )= [() 4856e—" /"N

Dunne et al. (197%)

Rickson amd Morgan (1988)
Dadkhah and Gifford ( 1980)

Snelder .nd Bryan (1995)

tain 30 min. R? = (.28
Etgm y=24.1240e W
rain during 60 min, R? =0 37

Fr = c—«uun 18

1=100.7 mmh™!
Er = "

Mcditerrancan
matortal
Pasture

R’=0%

—0 MY

Rawgeland, prasses Ei=¢
R!=062
br =0
R!=0.99

Pasture Ep = 000w

Eigl e 54172 -0mne

E=10.6667¢~'M"C

Eqgm™) = 653.27 "
E it ha™!y = 64.9240¢ ~ 17T

E = 00559 0917

Francis and Thories (1990)

Elwell und Stocking (1976)

Moure et . (1979)
Lang (1990)

Elwell (198(): Elwell :nd Sicking (14974)

Puastie. grasses Ei =0 E (™" = 16,8570 Lay: (1990)
R2=096
Pasture: grassce Fr wm o0 000K Lt ha™') == 335 38— 00094C Lang (1990)
1=098
Culivated land: sugar ~ Er = 000 E = |36 —107%: Kaing (1980
heet + mulch RI=046
Mediterrancan Er= ¢ 00f1 E(@L™') =5 56690 Wine Fruncis and Thorpes ( 1990)
matorral = 258mmh~! R’ =099

The equations reflect the combined effect of both above-gronnc (stemss and leaves) and below-ground {roots) biomass. C
vegelation cover (%); Er ervsiun. relative (o erusion of a bure soil: £ erosion; / ruintall intensity

rainfall of 400 mm or more. in which biomass pro-
duction ranges from 170 to 350t ha=' (Bazivilinch
el al. 1971 Whttaker and 1 .akens 1973),

4.1 Mediterranean Characteristics
Affecting Vegetation

The Mediterranean climate has. in etfect, thiee dif-
ferent definitions: (1) climate of the Mediterrancan
Sca and bordering lund arcas; (2) climate that favours
broad-lcaved. evergreen, sclerophyllous shrubs and
trees; (3) winter-wet. summer-dry climate. However,
portions of the Meditcrruncan region do wot huve
winter-wet. summer-dry climate, while parts that do
may not have evergreen sclerophylls. Places situated
away from the Mediterrancan Sca have more Mcditer-

ranean climate than anywhere around the sea under
the third definition. Broad-leaved evergreen sclero-
phylls dominate some regions with non-Mediterrancan
climates. typically with summer precipitation maxi-
muin as well as winter rain. and short droughts in
spring and foll. Thus. such plants may be said 1o chat-
ucterize subtropical scmi-arid regions. On the other
hand. where summer drought is most severe, i.e. the
most Mediterancan climate under definition 3, broad-
leaved evergreen sclerophylls are rare to absent. Rather
than comelating with sclerophyll dominance, regions
ol extieme winter-wet, sununer-dry climate character-
istically suppon a predominance of annuals, the life
form best adapted to seasonal rinfall regimes. There-
fore, the characteristics of the climate of an arca that
can affect vegetation growth and vegetation cover and
therefore soil crosion are rainfull. both amount and in-
tensity, and andity.




Soil-Erosion and Runoff Prevention by Plant Covers: A Review

799

Erosion data collected in various sites along the
Mediterrancan region show that the amount of rainfisl
has a crucial cffect on soil crosion. General ly. there is a
tendency towards increasing runoff and sediment koss
with decreasing rainfull in hilly Mediterranean shrub-
lands, especiully in the region where rainfall is greater
than 300 mm ycar™*. Below the 300 mm annual rain-
fall limit. runoff and sediment foss diminish with de-
creasing rainfall. Ruinfall amount und distribution arc
the major determinants of biomuss production on hilly
lands. Lower amounts of rainfall combined with high
rates of evapotranspiration drastically reduce the soil
moisture content available for plant growth, In areas
with annual precipitation of less than 300 mm and high
€vapolranspiration rates, the soil water available 1o the
plants is severely reduced.

Aridity is a critical environmental factor in de-
termining the evolution of natural vegetation by
considering the water siress. which may occur and
cause reduced plant cover. In the Mediterranean re-
gion. vegetation presents a great capacity ot adaptation
and resistance to dry conditions. and numerous species
can survive many months through prolonged droughts
with suil-moisture content below the theoretical wilt-
ing point. Aridity can greatly affect plant growth and
vegetation cover. panticularty annual plants, Under dry
climatic conditions in arcas cultivated with rainfed
cercals, the soil remains barc, favouring high cro-
sion rates under heavy rainfalls following a long dry
period. Closcly related 0 climatic churacteristics is
the topographic attribute, slope orientation. which is
considered an important fuctor for land-degrudation
processes. In the Mediterranean region, slopes with
southern and western facing oricntations are warmer,
and huve higher evaporation rites and lower water-
storuge capacity than northern and castern orientations,
Therefore, a slower recovery of vegetation and higher
erosion rates are expected in southern and westera than
in northern and eastern orientations. As a conscquence.
southern exposed slopes usually have a persistently
lower vegetation cover than northemn expased slopes
The degree of erosion measured along south-facing hill
slopes is usually much higher (even two-fold) than in
the north-tacing slopes under various types of vegeta-
tion cover.

Indicators of soil erosion related to the existing veg-
etation can be considered in relation : (a) fire risk
and ability 1o recover, (b) erosion profection oflered o

the soil, and (¢) percentage of plant cover. Forest fires
arc one of the must important causes of land degrada-
tion in hilly arcas of the Mediterranean region. During
recent decades, fires have hecome very froquent cs-
pecially in the pine-dominated forests, with dramatic
conscquences in soil crosion rates and biodiversity
loxses. Also, Mediterruncan pasturcs ure frequently
subjected 0 human- induced fires in order to renew
the biomuss production. The Mediterrancan vegetation
type is highly inflammablic and combustible duc 1o the
existence of species with a high content of resins or
essential oils. Conversely, it is known that vegetation
has 3 high ability 10 recover aficr fire. and the enviton-
mental problems related to fire normally last for only a
limited number of years after the tire.

Human interference. such as livestock grazing or
change in the land-use patiern. may irreversibly dam-
age the recovering vegetation. Particularly. in hilly
areas the indiscriminate uprooting of aromatic and
medicinal planis could promote the soil erosion (Durdn
et al. 200da, 2006a).

Vegetation and land use are cleally important
{actory controlling the intensity and the frequency of
overland flow and surfuce wash erosion. Amouy the
prevailing perennial agricultural crops in the Mediter-
ranean. olive trees present a particularly high adupta-
tion und resistance to fomg-term droughts and support
a rcmarkabic diversily of flora and launa in the under-
growth. Thix undergrowth is even higher than for some
natural ccosystems.

Under these conditions, unnual vegetation und plunt
remuains form a sutisfactory soil-surfuce cover can pre-
vent surface sealing, minimising the velocity of the
overlund water. In the case where the lund is intensively
cultivated, higher eronion nites are expected. Many
studies huve shown that the varigtion in runoff and sed-
iment yiclds in drainage basins can be attributed 10
changes in the vegetation cover and land-use manage-
memt. A value of 40% vegetative cover is considered
critical, below which accelerated erosion dominates in
a sloping landscape. ‘This threshold may be shilted for
different types of vegetation, rain intensity. and land
aitributes. It shows, however. that degradation begins
only when a substantial portion of the land's surface
is denuded: then it proceeds at an accelerated rate that
cannot be arrested by land resistance alone. Deep soils
on unconsolidated paremt materials show slow rates
of degradation and loss of their biomass production
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potential. By contrast. shallow soils with lithic contact
on steep slopes have low productivity. and low erosion
tolerance if they are not protected by vegetation,

4.2 Plant Roots and Erosion Control

Muny soil-crosion studies focus on the offects of plant
cover, whereas much less attention has been puid to
the cffects of plant roots on water crosion processes
(Gyssels et al, 2005; de Baets et al. 2006. 2007a:
Reubens et al. 2007). The impact of roots on water
erosion rates might become critical when the above
ground biomass disappear because of grazing or xur-
face fire and when concenirated flow occurs, Fspe-
cially in semi-arid environments, where plant covers
can he restricted and shoots can temporally disappear.
roots can play a crucial role. Bui and Box (1W3)
showed that roots had 1o stabilizing etfect during inter-
rill soil erosion. but Ghidey and Alberts (1997) found
that interrill erodibility decreased as dead root mass
and dead root length increased. The decline in soil
loss is even more pronounced in the case of rill and
ephereral gully erosion. Siudies on the ellects of roots
on concentrated low erosion rates (Li et al. 199 1; Zhou
and Shangguan 2005 Gyssels et al. 2006; de Baets
et al. 2000) used several oot parameters 10 describe
the oot eflect (root density. root length-density. root
dry weight, root surfuce arca density and root arca r-
tio). Most studics use root density or roat-length den-
sity (o predict the effects of roots on soil crosion rates
by concentrated flow. Few studics report an ¢ffcct of
roat diameter on the erosion resistunce of the topsoil
to concentrated flow crosion, Many authors rcporied
an exponential decline of rill erodibility and soil de-
tachment rates with increasing root-length densitics or
root densities (Mamo and Bubenzer 2001wb: Gyssels
ct al, 2006: de Bacts ct al. 2006). Li et al. (1991) re-
ported that soil-crosion resistance increased exponen-
tially with greater root density and that the ability of
plant rools 10 bolster soil-erosion resistance depends
mainly on the distribution of roots and on the number
of tibrous roots less than 1 mm in diameter. Zhou and
Shangguan (2005) observed a similar relation but with
root surtace-area density as the root variable. Accord-
ing 1o Gyssels et al. (2005) fine roots (<3 mm in di-
wmeter) are considered more important to soil fixation

than coarse roots. Decades ago. Wischmeier (1975)
and Dissmeyer and Foster (1985) pointed out that
specics with contrasting root architectures have a dif-
ferent crosion-reducing cffect, und recently de Baets
ctal. (2007h) and Reubens et al. (2007). In general. the
distinction between the root systems, consisty mainly
in whether the first root keeps on growing and per-
forms as a thick primary root with few or many lat-
crals (gymnosperms and dicotyledons) or disappears
(monocotylcdons). In thc monocotyledons. the first
root commaonly lives a short time and the root system is
formed by adventitious roots sprouting from that shoot,
often in connection with buds,

The decrease in water-erosion rates with increasing
vegetation cover is exponential. as pointed out above.
According to Gyssels et al. (2005). the decline water
erosion rales with expanding root mass is also €xXpo-
nential. as reflected in the tollowing equation:

SEP = ¢~ (3

where SEP is the soil-erosion parameters (interrill or
rill erosion rates of bare top soils without roots). RP is
i oot parameier (root density or root-length density)
and b is a constant that indicates the etfectiveness of
the plant roots in reducing svil-erosion rates.

For splash erosion, b is zero. for interrill erosion the
b-value is 0.1195 when root density (kg m~*) is used
as rool paramcicr. and 0.0022 when root-length den-
sity (kmm™) is used. For rill erosion these average
b-values are 0.5930 and 0.0460, respectively. The sim-
ilarity of this equation for root cffects with the cqua-
tion for vegetation cover effects ix striking {Table 4).
Morcover. all the studies on the impact of the vege-
tation cover attribute sail-loss reduction to the sbove-
ground biomass only, whercas in reality this reduction
results from the combined effects of roots and canopy
cover (Gyssels and Poesen 2003),

It s well-know (ax mentioned above) that plants
reduce soil crosion by intercepting raindrops, cnhanc-
ing infiltration, transpiring soil walcr and by provid-
ing additional surfacc roughness by adding organic
substances 1o the soil (Styczen and Morgan 1995).
Plant roots have a mechanical effect on soil strength.
By penetrating the soil mass. roots reinforce the soil
and increase the soil shear strength (Styczen and Mor-
gan 1995). Since routs bind soil particles at the soil
surtace and increase surface roughness, they reduce
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the susceptibility of the soil 1o rill and gully erosion.
Roots also have hydrological effcets by increaving sur-
face roughness and il permeability, roofs increase
soilinfiltration capacity. While the aboveground shooty
bend over and cover the surface or reduce Nlow ve
locity when concentraicd flow oceurs, rools physi-
cally restrain or hold soil particles in pluce (Gray and
Sotir 1996). Prosser et al, (1995) showed that the crit
ical flow shear siress decreased by clipping ol (he
above ground vegetation, but that the dense root net
work prevenied the surface from significant scour and
sediment transpont.

Most of the existing root studics deal with agri-
cultural crops, i.c. the effect of maize (Zea mays L.)
roots on internill erosion rates was studied by Bui and
Box (1993). Mamo and Rubenzer (20012), studied the
effect of soybean (Givcine max L.) and maize (Zeu
mays L.) roots on rill erodibility and found signiticant
differences in channel erodibility and soil detachmem
rates between root-permeated and fallow soils.

A few studies repart the effects of roots of natural
vegetauon on erosion processes. Li el al. (199]) ex-
amined the effect of ots of Pinus tabulueformis and
Hippophae rhamnoides on rill erodibility. Sidorchuk
and Grigorev (1998) reported the effect of the root
density of tundra vegettion on the critical shear ve-
locity for differemt soil types. Mcanwhile, de Bacts
ct al. (2007a) deseribed the root characteristics of
Mediterrancan plant species and their erosion-reducing
potentiul during concentruted runoff, showing the im-
plications for ccological restoration und manugement
of erosion-prone slopes. Tengbeh (1993) investigated
the efiects of grass root density on the shear strength
increase with decreasing <oil moisture content. In this
context. both soil type and soil-moisture conditions
control root architecture (Schenk and Jackson 2002)
and soil-erosion rates (Govers et al. 1990). J is impor-
tant to understand the eftects of soil type and soil mois-
ture on the erosion-reducing potential of plant roots.
Sheridan et al. (2000} found low rill erodibilities for
clay and <ilt soils, and high erodibilbitics for sonls with
particle sizes larger than silt but <10mm, reflecting
different levels of cohesion. The resistance of the soil
o concentrated flow erosion increases with growing
initial soil-moisture content (Govers et al. 1990,

Li et al. ¢1991) and Mamo and Bubenzer (2001b)
reported the elfects ol grass rwots (ryegrass) on con-
centrated flow erosion. So far, it is not clear o what

Extent grass roots contsibute 1o the erodibility of 10psoil
during concentraicd Now. because different relation-
ships were reported. Moreover, EFasses grow in many
different environments which can be threatened by
concentraled overland flow, for instance afler surface
firc or overgrazing, Once the above ground biomass
hus disappeared. only roots cun offer resistance to con-
centrated Mow crosion. Kont et al. (1998) indicated thut
post buming erosion on o nuturally vegetated runge
land dominated by grass species did not differ for
simulated rainfall intensitics. This indicates 1hat the
nctwork of fibrous rools in the soil surface layers con-
tributes to erosion control. These authors state that
grasses provide perennial protcction and minimal soil
erosion. Moreover. grasses have proven (o be the most
effective for erosion control in most areas. hecause
they germinate quickly, providing a complete ground
cover (Brindle 2003) and a dense root network that re-
inforces the soil by adding extra cohesion (Gray and
Leiser 1982). Additionally. Li et al. (1991) reported
that the effect of roots in increasing soil resistance is
highly dependent on the presence of eftective roots
(filmils <l mm). Also Gyssels and Poesen (2003) in-
dicite that cross-seclional areas of gullies under grassy
tield parcels were much smaller than under agricultural
cropland for the same Now intensity,

4.2.1 The Effect of Roots on Soil Properties

The shear strength of n soil has been recognized as a
determinant of its resistance to erosion., From the starnt
of slope stability research it was chear that plant roots
were vital for soil reinforcement. The shear strength of
4 soil is a measure of its cohesiveness and rexistance
to shearing forces cxened by gravity, maving Nuids
and mechanical loads. Soil is srong in compression.
hut weak in tension. Plant roots are weak in com-
pression, but strong in tension. When combined, the
soil-root matrix produces a type of reinforced curth
which is much stronger than the soil o the roots sep-
arately (Simon and Collison 2001). Thus. roms re-
inforce the soil (Anderson and Richards 1987). This
conclusion was found independemtly by diffcrent re-
searchers (Gray and Leiser 1982). showinp that soil
erodibility is inversely proportional to the resistance of
the soil to erosion. In whis context. the intrinsic proper-
ties of the soil such as aggregate stability. infiltration
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capacity. soil bulk density, soil texture, organic and
chemical content and shew strength are the most im-
portant determinants,

According to Amezketa (1999) the positive impact
of plant roots and root hairs on soil uggregation and
stability consist of many cffects. such ax:

1. Enmeshing fine particles into  stable  macro-
aggregates by root secretions. even when the root
is dead

- Drying the soil environment around the roots. reori-
coting clay particles parallel 10 the axis of the roots
and drawing soil particles together

3. Supplying decomposable organic residucs to the

sonl

4. Supporting a lurge microbial populution in the

rhizosphere

5. Providing food for soil animals

6. Releasing polyvalent cations und increasing con-

centrations of jons in solution

[

Field observations in southeast Asia reporied by
Ryan (1995) and Turkelboom et ul. (1997) show that
soil loss in ncwly prepared ficlds is gencrally very
slight in the first year after clearing. as the roots
of the fullow vegetation crcate stable aggregates, but
losses augment rapidly afterwards as the moots de-
cay and aggregates breuk down. The effect of living
roots on soil-structure stability depends on the plant
species. Monocotyledonous plants are superior to di-
cotyledonous plants and grasses are better than ccreals
in stabilizing aggregates, becausc the former contan a
much farger root hiomass with exudates (Glinski and
Lipicc 1990; Amezketa 1999), Maize and tomato, on
the other hand. can decrease soil aggregate stability by
chelating iron and aluminium, thus destroying chemi-
cal bonds with organic matter (Reid and Goss 1987).

Plani roots penetrating the soil leave Macropores
that improve waler movement and gaseous dilfusion.
They conuibute 10 the system of continuous potes in
the soil and enhance the infiltration capacity of the soil
(Glinski and Lipiec 1990). Li et al. (1992) indicates
that soil infiltration increases hecatse plant roots im-
prove the noncapillary porosity of the soil and promotc
the formation of water-stable aggregates of 2-5 mm.
and >5 mm in diameter. A higher soil infiltration ca-
pucity reduces the mumoff volume and conscquently soil
erosmon.

Roots growing in the soil occupy space that was
previously oceupied by soil pore spuce and soil par-
ticles. Since root diameter is usually larger than soil
pores, soil particles are pushed aside and the bulk den-
sity of the soil up to 8mm near the root increases
(Glinski and Lipice 1990). However, linc rools less
than | mm in diamcicr can significantly decrease the
bulk density of the soil und increase the soil poros-
ity (Li et al. 1992, 1993), This cffect depends on the
root diameter and the nature of the soil, and erosion re-
sistance presumably derives from the large number of
roots in the topsoil.

Texture. organic content, and chemical composi-
tion of a soil are important hecause of their influence
on soil-agpregate stability (Motgan 1996). According
to Sakkar et al. (1979). modifications in particle-
size dhstribution and composition of the clay fraction
was found wittun the rhizosphere around French bean
rools. These researchers attributed the changes in tex-
ture and mineralogy to an intensitied weatherlng of
the soil materials around the plant root. Preferential
uptake of ions or warer by roots leads to depletion
or accumulation profiles of jons. Examples of this
are depletion zones of phosphorus and potassium or
the accumulation of sodium and chlorine (Gliaski and
Lipicc 1990: Pojusok and Kay 1990). Finally. roots
also have a positive cffect on soil aggregation hy
supplying decomposable organic residues to the soil.,
supporting a large microbial population in the rhizo-
sphere und providing food for soil unimals (Tisdall and
Oudces 1982; Ameszketa 1099).

4.3 Plant Cover and Biodiversity

The biological diversity cxisting in any natural CCOsys-
tem is directly refated to the amount of living and
nonliving organic matter present in the ccorystem
(Wright 1990). By diminishing soif organic matter and
overall soil quality, erosion reduces biomass produc-
Lvity in ecosysiems. Plants. animals, and microbes
are vital components of the soil. as mentioned above,
and constitute a large measure of the soil biomass.
One square meter of soil may support about 200.000
arthropods and enchytraeids and billions of microbes
(Wood 1989: Lee and Foster 1991). A hectare of
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productive soil may have a microbial and inveuebrate
biomass weighing nearly 10,000 kg ha™'. In this con-
text, Anderson (1978) reported that a forest soil with
abundant organic matier supports up to 1,000 species
of animals per square meter, including arthropods, ne-
matodcs, and protozoa.

Erosion rutes that are 10-20 times higher than the
sustainubility rate (less than 0.5-1 Mgha! year™) dee.
crease the diversity and abundance of soil organisms
(Atlavinyte 1964). whereus agricultural practices that
maintain adequate soil organic-matter content favour
the proliferation of soil bioty (Reid 19RS).

Mucrofauna  (mostly arthropads) species  diver-
sity more than doubled when organic manure was
added 10 grassland plots in Japan (Kitazawa and
Kitazawa 1980) Rodrignez et al. (2007b) in south-
eastern Spain pointed out the proliferation of arthropod
species under plant covers in comparison o uncovered
bare soils in the taluses of orchard termces.

Because increased biomass is generally correlated
with increased biodiversity. greater biomass of arthro-
pods and microbes implies an increase in biodiversity
(Pumentel et al. 1992),

The effects of erosion may be responsible for the
loss of a keystone specices. an absence that may have
i cascuding effect on u wide array of species within
the agroccosystem. Species that act as keystone species
include plant types that maintain the productivity and
integnty of the ecosystem; predutors and parasites that
cantrol the feeding pressure of some organisms on vital
plants; pollinators of various vital plants in the CCOSYS-
tem: sced dispersers; and the plants and animals that
provide a habital required by other essential species,
such as biological nitrogen tixers (Heywood 1995).

Soil biota performs many bencficial activitics (hat
improve soil quality and praductivity, For example,
sotl biota recycles basic nutrients required by plants
for growth (Pimentel et al. 1980). In addition. the
tunnelling and burrowing of earthworms and other
organisms enhance productivity by increasing water
infiltration into the soil.

This churning and mixing of the upper soil redis-
tributes nutrients, acrates the soil. exposes maller to
the climate for soil formation. and increases infiltration
rates, thus enhancing conditions for soil formation and
plant productivity. Controlling erosion not only con-
serves the quadity of soils but enhances vegelative
rrowth and increases 1otal biodiversity.

5 Conclusion

Soil erosion is a natural process which has been greatly
aceeleruted by human action. A reduction in plant
cover cun intensify crosion processes that diminish soil
quality. In arid and semi-arid areas with sparse vegeta-
tion cover, itis urgent protect the sail by understanding
degradation processes and establishing adequate man-
agement measures. Moreover. the proven efficiency of
the plant covers tor the restoration of degraded envi-
ronments should be considered more widely. Research
needs 1o concentrale (uture efforts on developing eco-
logical successions and revegelation methods which
promiote a substantial and sustainable canopy cover.

Some of the basic reflections of this review include:

1. Plant covers maintain crucial interrelationship
with soil properties, enhancing biodiversity for steeply
sloped areas that have highly erodible soils. Erosion is
likely 10 be more atlected by changes in raintall and
plant cover than runoff, though both are influencexl.

2. Changes in plant cover have a greater impact on
both runoff und crosion than chunges in canopy cover
alonc. Insights into soil-crosion processes and the re-
newed hydrological situation encouraged by plunt cov-
ers can provide a valuable design for new strategies of

Lroston manggement and ecosystems restoration.

3. The inappropriate removal of plant cover and the
intense furming systemis of mountain areas endanger
lund conservation, raising an urgent need to implement
appropriate land munagement which has a large-seale
perspective but acts at the locaf level.

4. Erosion can he mitigated through a process of as-
sessment al regional scales to set broad targets, for de-
velopment and restoration of the plant cover, and the
introduction of conservation measures within the areas
at greatest risk.

Therefore. at both regional and local scales. the
plant cover deserves careful assessment for the sustain-
able management of soil resources. in order 10 avoid
catastrophic degradation. This wil} help adapt to land-
use change and. in terms of conservation, it will aid in
establishing an equilibrium between economic and en-
vironmental interests.
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